All relevant data are within the paper and its Supporting Information files except for the microarray data, which are available with the accession number GSE57515 (NCBI tracking system).

Introduction {#sec001}
============

The Philadelphia chromosome (Ph) is the cytogenetic correlate of der22 formed by the t(9;22)(q34;q11). The t(9;22) is a reciprocal translocation \[[@pgen.1005144.ref001]\]. Two principal breaks occur in the *BCR* (breakpoint cluster region) gene locus on chromosome 22: the (major) M-BCR, between exons 12 and 16, and the (minor) m-BCR, in the first intron of *BCR*. On der22, M-BCR leads to the creation of p210^*BCR/ABL*^ and m-BCR to that of p185^*BCR/ABL*^. The breakpoint in the *ABL* (Abelson tyrosin protein kinase 1) gene on chromosome 9 falls within the intron between the exons 1 and 2. Therefore the ABL-part of the t(9;22) fusion proteins is constant \[[@pgen.1005144.ref001]\].

The breakpoint on der22 is decisive for the determination of the phenotype of the Ph^+^ leukemias. In fact M-BCR p210^*BCR/ABL*^ is associated with primarily myeloid leukemia. p210^*BCR/ABL*^ is pathognomonic for the chronic myeloid leukemia (CML). In the very rare cases of Ph^+^ acute myeloid leukemia (AML) the great majority of the patients harbors the p210^*BCR/ABL*^ \[[@pgen.1005144.ref002],[@pgen.1005144.ref003]\]. In contrast, p185^*BCR/ABL*^ is nearly exclusively detected in Ph^+^ acute lymphatic leukemia (ALL) \[[@pgen.1005144.ref004]\].

On the other hand about 30% of patients with Ph^+^ ALL harbor the M-BCR p210^*BCR/ABL*^. There are differences regarding the prognosis between Ph^+^ ALL patients harboring either the p185^*BCR/ABL*^ or p210^*BCR/ABL*^ \[[@pgen.1005144.ref005],[@pgen.1005144.ref006],[@pgen.1005144.ref007]\]. Furthermore the progression of chronic phase (CP) CML, if untreated, leads in most of the cases to a myeloid blast crisis (BC). Only 30% of patients develop lymphatic BC \[[@pgen.1005144.ref001],[@pgen.1005144.ref008],[@pgen.1005144.ref009]\]. The development of lymphatic BC has been attributed to an increased kinase activity of p210^*BCR/ABL*^ as compared to patients with myeloid BC \[[@pgen.1005144.ref010]\]. Factors able to modify the kinase activity of p210^*BCR/ABL*^ are still completely unknown.

The fusion proteins p185^*BCR/ABL*^ and p210^*BCR/ABL*^ are mutant ABL kinases. The native ABL kinase is finely regulated in response to growth factors and other stimuli \[[@pgen.1005144.ref011]\]. Through the fusion to BCR, ABL constitutively activates its "down-stream" signaling pathways, including RAS, JAK/STAT and PI-3 kinase \[[@pgen.1005144.ref001],[@pgen.1005144.ref012]\]. In primary murine hematopoietic models we have shown that both p210^*BCR/ABL*^ and p185^*BCR/ABL*^ allow only a myeloid commitment/differentiation of hematopoietic stem cells (HSCs). Both suppress the lymphatic commitment of HSCs by the suppression of the B-cell signaling \[[@pgen.1005144.ref013]\]. Even on leukemic blasts of patients with Ph^+^ ALL there is a high frequency of myeloid marker expression such as CD33 and CD13 \[[@pgen.1005144.ref014]\]. The inhibitory effect of BCR/ABL on the B-cell signaling is counteracted by the ABL/BCRs, the reciprocal t(9;22) fusion proteins \[[@pgen.1005144.ref013]\].

The *ABL/BCR* fusion gene on der9 differs between m-BCR-p185^*BCR/ABL*^ and M-BCR-p210^*BCR/ABL*^. In the case of M-BCR the reciprocal *ABL/BCR* gene encodes a "small" ABL/BCR with an approximate molecular mass of 40 kDa (p40^*ABL/BCR*^)\[[@pgen.1005144.ref013]\], whereas in the case of m-BCR it encodes a "larger" ABL/BCR of 96 kDa (p96^*ABL/BCR*^)\[[@pgen.1005144.ref013]\]. The p40^*ABL/BCR*^ transcript is detectable in 65% of the CML patients \[[@pgen.1005144.ref015]\] and the p96^*ABL/BCR*^ transcript is present in 100% of examined patients with m-BCR Ph^+^ ALL \[[@pgen.1005144.ref016]\].

The p96^*ABL/BCR*^ and p40^*ABL/BCR*^ are BCR mutants \[[@pgen.1005144.ref017]\]. Native BCR acts as a negative regulator of proliferation and oncogenic transformation by a down-regulation of RAS-mediated signaling \[[@pgen.1005144.ref018]\]. Furthermore, it inhibits Wnt signaling by blocking TCF-1/β-catenin-mediated transcription \[[@pgen.1005144.ref019]\]. BCR harbors both RHO-GEF and RAC-GAP functions and controls cytoskeleton modeling by regulating the activity of RHO-like GTPases \[[@pgen.1005144.ref017],[@pgen.1005144.ref020]\]. Most likely by the loss of regulatory domains both p96^*ABL/BCR*^ and p40^*ABL/BCR*^ activate RAC, a key player in the leukemogenesis of Ph^+^ leukemia \[[@pgen.1005144.ref021]\], which contributes to their leukemogenic potential *in vivo* and increases the proliferation of the stem cell capacity of murine HSC \[[@pgen.1005144.ref013]\].

The aim of this study was to disclose the functional interplay of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ in the induction and maintenance of Ph^+^ ALL. Therefore we studied the role of p96^*ABL/BCR*^ for i.) the transformation potential of p185^*BCR/ABL*^; ii.) the survival of Ph^+^ ALL cells; iii.) the stem cell capacity of p185^*BCR/ABL*^-positive HSCs; iv.) the drug response of Ph^+^ ALL cells and v.) the lineage commitment of HSCs *in vivo*.

Results {#sec002}
=======

Co-expression of p96^*ABL/BCR*^ enhances the proliferation and transformation potential of p185^*BCR/ABL*^ accompanied by enhanced kinase activity of p185^*BCR/ABL*^ and increased MAP-kinase signaling {#sec003}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

All p185^*BCR/ABL*^-positive Ph^+^ ALL patients express p96^*ABL/BCR*^ at both mRNA and protein levels \[[@pgen.1005144.ref013],[@pgen.1005144.ref016]\], but experimental models only focus on the role of p185^*BCR/ABL*^ alone. Thus, we investigated the effect of p96^*ABL/BCR*^ on the capacity of p185^*BCR/ABL*^ to confer factor independent growth in Ba/F3 cells. Co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ in Ba/F3 cells was achieved by expressing the two transgenes from a p2a peptide-linked multi-cistronic retroviral vector ([Fig 1A](#pgen.1005144.g001){ref-type="fig"}). The expression of the transgenes was further confirmed by immunoblotting in transduced Ba/F3 cells ([Fig 1C](#pgen.1005144.g001){ref-type="fig"}). Proliferation and cell growth were assessed by XTT-proliferation assay or dye exclusion using trypan blue and followed for up to 3 or 5 days, respectively ([Fig 1B](#pgen.1005144.g001){ref-type="fig"}). As reported previously \[[@pgen.1005144.ref013]\], p96^*ABL/BCR*^ alone did not induce factor-independent growth of Ba/F3 cells ([Fig 1B](#pgen.1005144.g001){ref-type="fig"}). However, the presence of p96^*ABL/BCR*^ protein enhanced the proliferation of p185^*BCR/ABL*^-expressing cells following factor withdrawal ([Fig 1B](#pgen.1005144.g001){ref-type="fig"}). These results were confirmed by dye exclusion assays ([Fig 1B](#pgen.1005144.g001){ref-type="fig"}).

![Effect of p96^*ABL/BCR*^ on the proliferation and transformation capacity of p185^*BCR/ABL*^-positive cells.\
(A) Schematic representation of proviruses encoding the transgenes used in this experiment; (B) IL-3 independent growth of Ba/F3 cells expressing the indicated fusion proteins. Proliferation was measured using XTT-assay and growth by dye exclusion using trypan blue. The results are given as means of 3 independent experiments ± SD; (C) Detection of the expression of transgenes in Ba/F3 cells and activation/phosphorylation status of Crkl, Stat5 and Erk1/2 by immunoblotting using the indicated antibodies. The bar graphs represent the relative quantification of phosphorylated with respect to total protein of p185^*BCR/ABL*^ (p185) and p96^*ABL/BCR*^-p185^*BCR/ABL*^ co-expressing cells (p96 + p185); (D) Transformation assays in Rat-1 cells. For focus formation retrovirally transduced Rat-1 cells were incubated for 15 days in 24-well plates. All experiments were performed at least three times with similar results. For colony formation assay seeded at 5x10^3^ cells/well in soft-agar in 6-well-plates. After 15 days, the colonies were counted. The mean of three independent experiments each performed in triplicates ± SD is given; (E) Effect of co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ on the proliferation of human HSCs. Proliferation of lentivirally transduced CD34^+^/CD38^-^ HSCs was measured using XTT-assay. The mean of three independent experiments is given ± SD.](pgen.1005144.g001){#pgen.1005144.g001}

Factor independent growth of BCR/ABL-transduced Ba/F3 cells reflects the capacity of BCR/ABL to substitute for IL-3 survival signaling. In order to investigate the influence of p96^*ABL/BCR*^ on the transformation potential of p185^*BCR/ABL*^, we performed classical transformation assays in non-transformed Rat-1 fibroblasts. These assays consist of focus formation assays for the determination of contact inhibition and colony assays in semi-solid medium (soft agar) for the determination of anchorage-independent growth. Thus Rat-1 cells were retrovirally transduced with the constructs indicated in [Fig 1A](#pgen.1005144.g001){ref-type="fig"}. As presented in [Fig 1D](#pgen.1005144.g001){ref-type="fig"}, p96^*ABL/BCR*^ alone was not able to transform the Rat-1 cells; however, in combination with p185^*BCR/ABL*^, it profoundly enhanced the number of foci as compared by the Rat-1 cells expressing p185^*BCR/ABL*^ alone. The number of foci was so high that they became early confluent and were not anymore scorable at day 15, when the foci of the other samples were counted. In fact at this time point all the "carpet" of foci already was detached from the dish and fluctuating in the medium ([Fig 1D](#pgen.1005144.g001){ref-type="fig"}).

A similar effect was seen in the colony formation in soft agar. In fact upon co-expression of p96^*ABL/BCR*^, p185^*BCR/ABL*^-positive Rat-1 cells formed a significantly higher number of colonies than with p185^*BCR/ABL*^ alone (p\<0.05 or p = 0.01) ([Fig 1D](#pgen.1005144.g001){ref-type="fig"}).

Next we sought to analyze the effects of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ on the growth of human HSCs. To do this, we transduced CD34^+^/CD38^-^ PB cells obtained from G-CSF stimulated volunters with lentivirus harboring the indicated constructs ([Fig 1A](#pgen.1005144.g001){ref-type="fig"}). Proliferation was measured at 72h after transduction. Neither empty vector nor p185^*BCR/ABL*^ alone increased the proliferation of CD34^+^/CD38^-^ cells. In contrast p96^*ABL/BCR*^ alone and the co-expression of both p96^*ABL/BCR*^ and p185^*BCR/ABL*^ increased proliferation ([Fig 1E](#pgen.1005144.g001){ref-type="fig"}).

In order to disclose the molecular mechanism by which p96^*ABL/BCR*^ promotes the proliferative and transformative potential of p185^*BCR/ABL*^ we investigated the influence of p96^*ABL/BCR*^ on the kinase activity of p185^*BCR/ABL*^. Kinase activity was assessed by the autophosphorylation of p185^*BCR/ABL*^ as well as the p185^*BCR/ABL*^-dependent substrate phosphorylation and signaling pathway activation in Ba/F3 cells in the presence/absence of p96^*ABL/BCR*^. The autophosphorylation at Y177 in the BCR-portion as well as at Y245 in the ABL kinase domain of the p185^*BCR/ABL*^ fusion protein was strongly increased in cells co-expressing p96^*ABL/BCR*^ ([Fig 1C](#pgen.1005144.g001){ref-type="fig"}). Expression of total p185^*BCR/ABL*^ was not affected by co-expression of p96^*ABL/BCR*^ excluding an increased p185^*BCR/ABL*^ levels as a plausible mechanism for the increased p185^*BCR/ABL*^ autophosphorylation ([Fig 1C](#pgen.1005144.g001){ref-type="fig"}). Substrate phosphorylation was addressed on the phosphorylation status of Crkl and endogenous Bcr. Whereas Crkl phosphorylation did not increase, phosphorylation of Bcr was increased in the presence of p96^*ABL/BCR*^ ([Fig 1C](#pgen.1005144.g001){ref-type="fig"}). BCR/ABL dependent down-stream signaling activation in the presence of p96^*ABL/BCR*^ was assessed by the phosphorylation of Stat5 and Erk1/2. The activity of BCR/ABL-dependent signaling was further enhanced by p96^*ABL/BCR*^ as evidenced by an increase of the Stat-5 activation. Also Erk 1/2 was activated as revealed by a higher amount of phosphorylated Erk 1/2 due to an up-regulation of total Erk 1/2 ([Fig 1C](#pgen.1005144.g001){ref-type="fig"}). These findings are in accordance with both an increased phosphorylation of Bcr and an enhanced autophosphorylation in the BCR-portion of p185^*BCR/ABL*^, which are up-stream of Ras/Erk signaling.

In summary, these data show a prominent functional crosstalk between p185^*BCR/ABL*^ and p96^*ABL/BCR*^ resulting in a p96^*ABL/BCR*^-directed enhanced autophosphorylation of p185^*BCR/ABL*^ and activation of MAP-kinase pathway leading to accelerated proliferation of p185^*BCR/ABL*^-positive Ba/F3 cells and enhanced transformation potential of p185^*BCR/ABL*^.

Targeting p96^*ABL/BCR*^ inhibits the growth of the Ph^+^ ALL cell line SupB15 {#sec004}
------------------------------------------------------------------------------

Based on our findings that p96^*ABL/BCR*^ exerts pro-proliferative and pro-transformative effects on p185^*BCR/ABL*^, we aimed to determine the role of p96^*ABL/BCR*^ in the growth and survival of Ph^+^ ALL cells. Thus we targeted p96^*ABL/BCR*^ in the Ph^+^ ALL cell line SupB15 cells by RNAi. The breakpoint sequence of p96^*ABL/BCR*^, the only specific sequence, was inaccessible for a rational siRNA design. Therefore we used shRNA directed against the 3\'UTR of the *BCR* gene, which targeted both alleles, the der9 encoding the p96^*ABL/BCR*^ and the native *BCR* on chromosome 22. The K562 cell line was used as a control, since it harbors the M-BCR with p210^*BCR/ABL*^ and does not express the reciprocal ABL/BCR \[[@pgen.1005144.ref013]\]. As shown by immunoblotting, lentiviral transduction of these shRNAs (efficiency of \~75%) resulted in a pronounced reduction (\~80%) of p96^*ABL/BCR*^ expression as compared to non-targeting control shRNA (siNTC) whereas the expression of BCR was decreased of 40--60% ([Fig 2A](#pgen.1005144.g002){ref-type="fig"}). No effect was seen on the expression of p185^*BCR/ABL*^ ([S1A Fig](#pgen.1005144.s001){ref-type="supplementary-material"}). The proliferation was assessed by XTT-proliferation assay. As shown in [Fig 2A](#pgen.1005144.g002){ref-type="fig"}, down-regulation of p96^*ABL/BCR*^ significantly reduced the proliferation rate of SupB15 cells as compared to the siNTC-transduced controls, whereas no effect was seen in K562 despite an efficient down-regulation of BCR. In order to further investigate the functional interplay between p96^*ABL/BCR*^ and p185^*BCR/ABL*^, we studied the influence of the p96^*ABL/BCR*^ knock-down on the p185^*BCR/ABL*^-dependent signaling in SupB15 cells. Down-regulation of p96^*ABL/BCR*^ almost completely abolished ERK1/2 activation, whereas no effect on the activation of STAT5 was observed ([Fig 2B](#pgen.1005144.g002){ref-type="fig"}).

![Targeting p96^*ABL/BCR*^ in Ph^+^ ALL cells.\
(A) SupB15 and K562 cells were lentivirally transduced with shRNA against p96^*ABL/BCR*^ (siR961 and siR962) and a control shRNA (NTC). The expression of p96^*ABL/BCR*^ and/or BCR was detected by immunoblotting using anti-BCR antibody. Tubulin was used as loading control. Proliferation was measured using XTT-assay after 3 days. One representative experiment in triplicates ± SD of at least three yielding similar results is given; (B) The effect of targeting p96^*ABL/BCR*^ by shRNA in SupB15 on STAT5 and ERK1/2 pathway was detected using the indicated antibodies; (C) Down-regulation of p96^*ABL/BCR*^ in Ph^+^ ALL PD-LTCs by shRNA. Ph^+^ ALL PD-LTCs---PH: fully TKI-responsive; BV: TKI-resistant; as controls were used: HP (Ph^-^ ALL patient) and VG: t(12;9)-TEL/ABL-positive ALL. The effect of shRNAs on the expression of p96^*ABL/BCR*^ was tested by immunoblotting using the indicated antibodies and by q-RT-PCR for PH and BV. The Ct values were normalized to that of GAPDH and results are represented as 2^-ΔΔCt^. Proliferation was measured by XTT-assay. The mean of at least experiments is given ± SD.](pgen.1005144.g002){#pgen.1005144.g002}

These data confirmed a functional crosstalk between p96^*ABL/BCR*^ and p185^*BCR/ABL*^ in human Ph^+^ ALL cells, which seems to be fundamental for proliferation of these cells.

Targeting p96^*ABL/BCR*^ decreases the proliferation of PD-LTCs from Ph^+^ ALL patients and induces apoptosis {#sec005}
-------------------------------------------------------------------------------------------------------------

The biology of Ph^+^ ALL in adults is not fully represented by cell lines such as SupB15. Therefore, we investigated the effect of p96^*ABL/BCR*^ knock-down in different primary PD-LTCs from Ph^+^ ALL patients. We selected two different PD-LTCs: one, the PH, fully responsive to TKIs and one, BV, exhibiting a nearly complete resistance to TKIs not attributable to mutations in the TKD \[[@pgen.1005144.ref022],[@pgen.1005144.ref023]\]. As a negative control we used a PD-LTCs, HP, from a Ph^-^ ALL patient. In order to provide additional evidence that the effects seen were due to down-regulation of p96^*ABL/BCR*^ and not to that of endogenous BCR, we utilized a TEL/ABL-expressing PD-LTC (VG) derived from a patient with t(12;9)(p13;q34)-positive ALL, previously described \[[@pgen.1005144.ref024]\]. As the biological consequences of TEL/ABL are similar to those of BCR/ABL \[[@pgen.1005144.ref025],[@pgen.1005144.ref026],[@pgen.1005144.ref027]\], the effects of targeted down-regulation of BCR in these cells should allow to estimate the contribution of BCR down-regulation to the effects of targeting p96^*ABL/BCR*^ in Ph^+^ ALL cells. Proliferation of the cells was measured using XTT-proliferation assay. Efficient down-regulation of p96^*ABL/BCR*^ and/or BCR in the PD-LTCs was assessed by immunoblotting and in PH and BV also by q-RT-PCR for p96^*ABL/BCR*^ ([Fig 2C](#pgen.1005144.g002){ref-type="fig"}). The down-regulation of p96^*ABL/BCR*^ efficiently inhibited proliferation of BV (50--67%) and PH (40--45%), but had no effect on HP cells (max. 10%) and the effect on VG cells was weak (8--20%)([Fig 2C](#pgen.1005144.g002){ref-type="fig"}). These findings not only show that the down-regulation of p96^*ABL/BCR*^ and not that of BCR is responsible for the block of proliferation but also indicate that endogenous BCR does not play any role for the leukemogenic potential of either TEL/ABL or BCR/ABL. This confirms several studies showing that BCR has even a negative impact on BCR/ABL activation and its oncogenic potential \[[@pgen.1005144.ref028],[@pgen.1005144.ref029],[@pgen.1005144.ref030],[@pgen.1005144.ref031]\]. In order to investigate whether apoptosis is important for the inhibition of proliferation, we stained the Ph^+^ PD-LTCs cells with 7-AAD and measured the apoptosis rate by flow cytometry. As shown in [S1B Fig](#pgen.1005144.s001){ref-type="supplementary-material"}, both specific shRNAs induced a high rate of apoptosis (about 40% and 50%, respectively) in the Ph^+^ PD-LTCs whereas no effect (10--15%) was seen with the siNTC transduced controls ([S1B Fig](#pgen.1005144.s001){ref-type="supplementary-material"}).

In summary our data implicate a role for p96^*ABL/BCR*^ in the survival of Ph^+^ PD-LTCs with m-BCR which harbors both p185^*BCR/ABL*^ and the reciprocal p96^*ABL/BCR*^ fusion proteins.

Targeting p96^*ABL/BCR*^ increases responsiveness of Ph^+^ PD-LTCs to ABL-kinase inhibitors {#sec006}
-------------------------------------------------------------------------------------------

If the crosstalk between p96^*ABL/BCR*^ and p185^*BCR/ABL*^ leads to an increased kinase activity, in a reverse conclusion the down-regulation of p96^*ABL/BCR*^ should increase the responsiveness of Ph^+^ ALL cells towards selective ABL-kinase inhibitors. In order to test this hypothesis, we used two different classes of TKIs, imatinib, a classical ATP-competitor, and GNF-2 an allosteric inhibitor which binds to the myristoyl binding pocket of ABL \[[@pgen.1005144.ref032],[@pgen.1005144.ref033]\]. The PH and the resistant BV PD-LTCs were exposed to increasing concentrations (0.1 to 2μM) of imatinib or GNF-2 in the absence/presence of the shRNA targeting p96^*ABL/BCR*^. Proliferation was measured by XTT-assay. As shown in [Fig 3A](#pgen.1005144.g003){ref-type="fig"} in the presence of the NTC control shRNA, PH cells exhibited a full response to imatinib whereas the BV cells only weakly responded to imatinib even at higher dosages. The presence of the specific shRNA not only increased the response of PH cells but fully restored to the growth inhibition by imatinib in BV cells ([Fig 3A](#pgen.1005144.g003){ref-type="fig"}). Very similar results were obtained by using the allosteric inhibitor GNF-2 ([Fig 3B](#pgen.1005144.g003){ref-type="fig"}).

![Role of p96^*ABL/BCR*^ for response to selective TKI.\
PH and BV cells were transduced lentivirally with shRNAs against p96^*ABL/BCR*^; (A) Treatment with different concentrations of imatinib (0.1, 0.5, 1 and 2 μM). All experiments were performed in triplicates for a total of three experiments, which gave similar results. One representative experiment is given ± SD; (B) Treatment with different concentrations of GNF-2 (0.1, 0.5, 1 and 2 μM). All experiments were performed in triplicates for a total of three, all yielding similar results. One representative experiment is given ± SD.](pgen.1005144.g003){#pgen.1005144.g003}

These results indicate that targeting p96^*ABL/BCR*^ in primary PD-LTCs of Ph^+^ ALL increases response to selective ABL inhibitors.

Co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ increases serial replating potential of murine fetal liver hematopoietic stem and progenitor cells (HSPCs) {#sec007}
--------------------------------------------------------------------------------------------------------------------------------------------------------------

Ph^+^ ALL has been proposed to originate from a BCR/ABL-mediated transformation at the level of committed progenitor cells. In addition, inactivation of BCR/ABL by TKIs seems to be ineffective regarding the eradication of the disease. In order to disclose a role for p96^*ABL/BCR*^ in a leukemic stem cell model, we compared the effects of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ on the biological characteristics of immature HSCs in serial replatings in semi-solid medium. Therefore we isolated Sca1^+^/lin^-^ cells from murine fetal liver and transduced them retrovirally with the constructs (schematic procedure in [Fig 4A](#pgen.1005144.g004){ref-type="fig"}). PML/RARα was used as a positive control, due to its well-known effect on the self-renewal of HSPCs \[[@pgen.1005144.ref034],[@pgen.1005144.ref035],[@pgen.1005144.ref036]\]. The successful transduction was verified by flow cytometry ([S2 Fig](#pgen.1005144.s002){ref-type="supplementary-material"}). As shown in [Fig 4B](#pgen.1005144.g004){ref-type="fig"}, the replating efficiency of the empty vector and p185^*BCR/ABL*^-transduced cells was limited to three cycles of replating. In contrast, p96^*ABL/BCR*^ alone increased the number of serial replatings with an increase in the number of CFUs in each round of replating similar to PML/RARα ([Fig 4B](#pgen.1005144.g004){ref-type="fig"}). The co-expression of p185^*BCR/ABL*^ seemed to inhibit the serial replating capacity of HSPC expressing p96^*ABL/BCR*^ alone, without suppressing it to the level of control and only p185^*BCR/ABL*^ expressing HSPC ([Fig 4B](#pgen.1005144.g004){ref-type="fig"}).

![Effect of the t(9;22) fusion proteins the serial replating potential of murine fetal liver HSCs.\
(A) Schematic representation of the experimental procedure. Sca1^+^/lin^-^ cells were immunomagnetically isolated from murine fetal liver and the cells were transduced with the indicated retroviruses and plated in semi-solid medium supplemented with growth factors for determination of the serial replating potential; (B) Colony numbers were counted on day 10, cells were harvested and serially replated (I-VI-plating rounds).](pgen.1005144.g004){#pgen.1005144.g004}

Our observation show an autonomous role of p96^*ABL/BCR*^ in immature HSPCs, which is stronger than that of p185^*BCR/ABL*^ alone and is not suppressed by the co-expression of p185^*BCR/ABL*^.

Co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ increases HSPCs-derived CFU-S12 {#sec008}
-----------------------------------------------------------------------------------

Our previous data suggest that ABL/BCR fusion proteins target immature HSPCs thereby influencing their commitment \[[@pgen.1005144.ref013]\]. In order to determine the effect of both p96^*ABL/BCR*^ and p185^*BCR/ABL*^ on the self-renewal of early HSPCs and to address the question whether there is a functional hierarchy between p96^*ABL/BCR*^ and p185^*BCR/ABL*^ regarding their role in the maintenance and proliferation of subpopulations in the stem cell compartment, we performed CFU-S12 assays. The CFU-S12 performed in combination with a 9 days culture *in vitro* (in which normal control cells lose their CFU-S12 potential by spontaneous differentiation) reveals a combined effect of a given transgene on the proliferation/self-renewal and the differentiation of HSPCs. Only a differentiation block maintains the potential of the HSPCs to give origin to colonies in a CFU-S12 \[[@pgen.1005144.ref037]\].

Therefore Sca^+^/lin^-^ HSPCs were isolated and retrovirally transduced with the transgenes (schematic procedure in [Fig 5A](#pgen.1005144.g005){ref-type="fig"}). After 9 days in culture, cells were transplanted into lethally (11Gy) irradiated recipients. The spleens were isolated after 12 days and colonies were counted ([Fig 5A](#pgen.1005144.g005){ref-type="fig"}). As shown in [Fig 5B](#pgen.1005144.g005){ref-type="fig"}, p96^*ABL/BCR*^ increased number of spleen colonies as compared to empty vector controls or mice transplanted with cells expressing p185^*BCR/ABL*^. Co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ resulted in additional significant increase of both number and size of colonies ([Fig 5B](#pgen.1005144.g005){ref-type="fig"}).

![Stem cell colonogenic potential of t(9;22) fusion proteins.\
(A) Experimental strategy for studying the influence of t(9;22) fusion proteins on the biology of murine HSCs. Sca1^+^/lin^-^ bone marrow (BM) cells were infected with the indicated retroviruses and maintained for 9 days in liquid culture supplemented with the indicated growth factors. 1 x 10^4^ cells were inoculated into lethally irradiated recipients that were sacrificed at day 12 after transplantation; (B) Number of colonies in the spleens (n = 3); the experiment was performed a total of three times with similar results. One representative experiment is given; (C) Gene expression profile induced by t(9;22) fusion proteins in spleen from the CFU-S12. Clustering was done by selecting genes with the highest SD and sorted according to the similarity in expression level; (D) *Seven representative cellular pathways known to be influenced by BCR/ABL related to cell cycle regulation*, *proliferation and apoptosis are presented here*. *The numbers indicate the number of differentially expressed genes between p185* ^*BCR/ABL*^ *and p96* ^*ABL/BCR*^ + p185^*BCR/ABL*^ (p96+p185)-positive cells from the total number of the genes (related to each of the pathways); (E) Total RNA was isolated from spleens from the CFU-S12. The expression levels of Tp53, Gadd45α, and Cdkn1a were analyzed using q-RT-PCR. The Ct values were normalized to that of Gapdh and results are represented as 2^-ΔΔCt^. The mean of three independent experiments each done in triplicates is given ± SD; (F) PH and BV were lentivirally transduced with shRNA against p96^*ABL/BCR*^ (siR961 and siR962) and a control shRNA (NTC). The expression of GADD45α was detected by q-RT-PCR. The Ct values were normalized to that of GAPDH and results are represented as 2^-ΔΔCt^.](pgen.1005144.g005){#pgen.1005144.g005}

Taken together, these data show a differential effect of p96^*ABL/BCR*^ as compared to p185^*BCR/ABL*^, most likely due to a differentiation block of HSPCs, which is further increased by the co-expression of both p96^*ABL/BCR*^ and p185^*BCR/ABL*^.

Co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ differentially regulates expression of cell cycle and apoptosis genes and leads to an up-regulation of Tp53 and Gadd45α but not of Cdkn1a {#sec009}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In order to disclose the mechanisms underlying the different effects of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ alone and in combination on HSPCs, we compared the gene expression profiles induced by p96^*ABL/BCR*^, p185^*BCR/ABL*^ and the combination of both using CFU-S12 spleens by microarray analysis ([S1 Text](#pgen.1005144.s011){ref-type="supplementary-material"}). The analysis was performed in triplicates for each construct, empty vector (control), p96^*ABL/BCR*^, p185^*BCR/ABL*^ and p96^*ABL/BCR*^-p185^*BCR/ABL*^. An unsupervised clustering grouped the profiles of the triplicates together ([Fig 5C](#pgen.1005144.g005){ref-type="fig"}). Due to the wide range of differentially expressed genes between p185^*BCR/ABL*^ and p96^*ABL/BCR*^-p185^*BCR/ABL*^ samples, we analyzed in greater detail those signaling pathways known to be important for the pathogenesis of Ph^+^ leukemia in which at least 5 genes were differentially regulated. These pathways were related to cell cycle regulation, proliferation and apoptosis ([Fig 5D](#pgen.1005144.g005){ref-type="fig"}). The schematic representation of genes involved in these pathways is represented in [S3](#pgen.1005144.s003){ref-type="supplementary-material"}--[S8](#pgen.1005144.s008){ref-type="supplementary-material"} Figs. This analysis revealed an increase of Tp53 expression upon co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^. The up-regulation of Tp53 was accompanied by an up-regulation of Gadd45α, but not of Cdkn1a, both main Tp53 target genes in the DNA-damage response ([Fig 5D](#pgen.1005144.g005){ref-type="fig"}). In order to validate the microarray data, q-RT-PCR was performed on the RNA derived from CFU-S12 and the results were in agreement with those obtained in the expression profiling ([Fig 5E](#pgen.1005144.g005){ref-type="fig"}).

To confirm the significance of these findings for the human Ph+ ALL we studied the GADD45α expression in PD-LTCs of Ph^+^ ALL. Therefore we targeted p96^*ABL/BCR*^ in PH and BV PD-LTCs by the above described shRNA and revealed a significant reduction of GADD45α expression by q-RT-PCR ([Fig 5F](#pgen.1005144.g005){ref-type="fig"}).

Up-regulation of Tp53 and Gadd45α is related to DNA-repair processes \[[@pgen.1005144.ref038]\]. In order to disclose a relationship between co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ and increased DNA-repair we compared the γH2AX foci in p185^*BCR/ABL*^-positive and p96^*ABL/BCR-*^p185^*BCR/ABL*^-positive leukemic spleens as a marker for DNA-repair at sites of double-strand breaks (DSB)([S1 Text](#pgen.1005144.s011){ref-type="supplementary-material"})\[[@pgen.1005144.ref039]\]. We found in p185^*BCR/ABL*^-positive spleens an increased number of signals, many of them abnormal \[[@pgen.1005144.ref040]\] and most likely related to the high number of apoptotic granulocytes ([S9 Fig](#pgen.1005144.s009){ref-type="supplementary-material"}). In contrast p96^*ABL/BCR-*^p185^*BCR/ABL*^-positive leukemic spleens showed a high number of cells with γH2AX foci, indicating an increased number of DSBs with ongoing DNA repair ([S9 Fig](#pgen.1005144.s009){ref-type="supplementary-material"}). These data strongly suggest that the up-regulation of Tp53/Gadd45α is related to increased number of DSBs upon co-expression of p96^*ABL/BCR*^ in p185^*BCR/ABL*^-positive leukemia.

Given the fact that Gadd45α can be regulated also independently of Tp53 \[[@pgen.1005144.ref038]\] we wondered whether the up-regulation of Gadd45α may contribute by itself to the biological effects of p96^*ABL/BCR*^. Therefore we lentivirally expressed Gadd45α in early primary Sca1^+^/lin^-^ HSPCs ([S1 Text](#pgen.1005144.s011){ref-type="supplementary-material"}). We kept these cells either in liquid culture or plated them in semi-solid medium both supplemented with mIL-3, mIL-6 and mSCF. The cells in semi-solid medium were harvested, counted and replated as described above. In both conditions the expression of Gadd45α led to an increased proliferation which led to an increased colony number as compared to empty vector transduced controls in the serial plating rounds ([S10 Fig](#pgen.1005144.s010){ref-type="supplementary-material"}).

p185^*BCR/ABL*^ alone induces a CML-like disease whereas the co-expression with p96^*ABL/BCR*^ leads to leukemia with an ALL phenotype {#sec010}
--------------------------------------------------------------------------------------------------------------------------------------

In order to further investigate the consequences of the co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ for leukemogenesis, we addressed the question of whether the presence of p96^*ABL/BCR*^ affects the phenotype or initiation of p185^*BCR/ABL*^-mediated leukemia. Therefore we transduced Sca1^+^ murine HSPCs with p96^*ABL/BCR*^, p185^*BCR/ABL*^ and the provirus encoding both proteins and inoculated the transduced HSPCs into sub-lethally (4,5 Gy) irradiated recipients. Recipients inoculated with empty vector transduced Sca1^+^ cells served as controls ([Fig 6A](#pgen.1005144.g006){ref-type="fig"}). As already known, all the mice inoculated with p185^*BCR/ABL*^-transduced cells rapidly developed a CML-like myeloproliferative disease defined by splenomegaly (400--1200 mg spleen weight) and high numbers of Mac1 (monocytes- macrophage) and Gr1 (granulocytes) and a low number of B220 (mature B-cell) expressing cells (Fig [6C](#pgen.1005144.g006){ref-type="fig"} and [6D](#pgen.1005144.g006){ref-type="fig"}). Notably, the co-expression of p96^ABL/BCR^ and p185^ABL/BCR^ induced a lymphoid-like leukemia phenotype in 37% of the mice, with the majority of BM cells expressing the B220, and only few myeloid cells and associated with moderate splenomegaly (90--300mg spleen weight)(Fig [6B](#pgen.1005144.g006){ref-type="fig"}--[6D](#pgen.1005144.g006){ref-type="fig"}). As compared to the CML-like disease induced by p185^*ABL/BCR*^ alone, the onset of the B-cell leukemia was delayed. In contrast to the CML-like disease the p96^*ABL/BCR*^ and p185^*ABL/BCR*^ induced lymphoid-like leukemia was re-transplantable, giving origin to a full blown leukemia within 38--60 days ([Fig 6B](#pgen.1005144.g006){ref-type="fig"}). The secondary leukemia exhibited a surface marker phenotype identical to that of the primary leukemia characterized by a great majority of B220/CD19-positive blasts confirming the B-cell origin of these leukemias ([Fig 6E](#pgen.1005144.g006){ref-type="fig"}).

![The leukemogenic potential of t(9;22) fusion proteins.\
(A) Schematic representation of the experimental procedure. Sca1^+^ bone marrow cells were infected with the indicated retroviruses and inoculated into sub-lethally irradiated mice. Empty vector-transduced cells were used as control; (B) Kaplan Maier curves present the probability of survival upon primary induction of leukemia and re-transplantation of leukemic cells in order to induce secondary (II) leukemia; (C) May-Grünwald-Giemsa staining of cytospins from BM and spleens of p185^*BCR/ABL*^ and p96+p185-positive leukemia of one representative mouse in each group; (D) Expression of differentiation specific surface markers (Mac1: monocytes- macrophage, Gr1: granulocytes and B220: mature B-cells) of one representative mouse in p185^*BCR/ABL*^ and *p96* ^*ABL/BCR*^ + p185^*BCR/ABL*^ (p96+p185) groups. (E) Co-expression of differentiation specific surface markers (Mac1/Gr-1---myeloid leukemia; B220/CD19: B-cell leukemia) of one representative mouse in p185^*BCR/ABL*^ and *p96* ^*ABL/BCR*^ + p185^*BCR/ABL*^ (p96+p185) groups and secondary transplanted sup.](pgen.1005144.g006){#pgen.1005144.g006}

In summary, these data indicate that the co-expression of p96^*ABL/BCR*^ and p185^*BCR/ABL*^ shifts the leukemia from a myeloproliferative disease upon p185^*BCR/ABL*^ alone to ALL.

Discussion {#sec011}
==========

Our understanding of the pathogenesis of Ph^+^ leukemias has improved, but several key features remain unexplained, such as the association of the m-BCR with Ph^+^ ALL and different responses of (m-BCR) p185^*BCR/ABL*^ and (M-BCR) p210^*BCR/ABL*^-positive leukemia to TKIs. In contrast to CML-CP, which is maintained by p210^*BCR/ABL*^ alone \[[@pgen.1005144.ref041]\], many findings suggest that in Ph^+^ ALL BCR/ABL needs additional factors for the induction and maintenance of the disease.

Although the t(9;22) is a balanced translocation, one of the most obvious factors, the reciprocal ABL/BCR fusion protein was early abandoned, because no relationship between the presence of the transcripts and clinical features, like prognosis, therapy response, or others was seen \[[@pgen.1005144.ref042]\]. These observations, in a still pre-TKI era, were exclusively based on CML, but until today nothing is known about a role for p96^*ABL/BCR*^ in Ph^+^ ALL, where the transcript is present in 100% of the cases with m-BCR and efficiently translated \[[@pgen.1005144.ref013],[@pgen.1005144.ref016]\].

Our here presented data further confirms that the ABL/BCR contributes to the maintenance of the disease. This is supported by the fact that a siRNA-mediated targeting of ABL/BCR strongly reduced the proliferation not only of an ALL cell line, but also of primary Ph^+^ PD-LTCs, which was accompanied by the induction of apoptosis.

The cell growth arrest and apoptosis upon down-regulation of ABL/BCR strongly suggests a functional interplay between the two fusion proteins in Ph^+^ ALL. This is further confirmed by our findings that ABL/BCR increases transforming kinase activity of BCR/ABL leading to a higher proliferation rate in factor-dependent Ba/F3 cells, primary human CD34^+^/CD38^-^ HSCs, a tremendously increased colony formation in the classical transformation assays in untransformed fibroblasts and an increased CFU-S12 formation. The functional interplay between the two fusion proteins seems to be based on an enhanced kinase activity of BCR/ABL in the presence of ABL/BCR leading to an enhanced activity of Erk kinase responsible for an increased transformation potential of BCR/ABL. MAP kinase pathway activates the expression of its downstream target genes; therefore it still has to be investigated if this alters the phosphorylation of BCR/ABL upstream of this protein.

The functional interplay enhances the expression of Tp53 and one of its target genes, Gadd45α, but not that of Cdkn1a most likely as a response to an increased number of DSBs in cells co-expressing BCR/ABL and ABL/BCR leading to DNA-repair but not to apoptosis or senescence. Why the up-regulation of Tp53 activated only Gadd45α but not Cdkn1a, is still unclear. An explanation could be the capacity of Tp53 to regulate long intergenic non coding RNAs (lncRNA) which may play a role in the regulation of Cdkn1a expression \[[@pgen.1005144.ref043],[@pgen.1005144.ref044]\]. On the other hand the consequences of an up-regulation of Tp53 in hematopoietic cells seem also to be dependent on their differentiation status. Only in committed progenitors the X-ray induced up-regulation of Tp53 leads to apoptosis, whereas in short-term hematopoietic stem cells the induction of Tp53 is not followed by apoptosis, suggesting a different DSB responses in stem cell and progenitor populations with a different differentiation potential \[[@pgen.1005144.ref045]\]. Given the fact that Cdkn1a is a an attenuator of BCR/ABL-mediated cell proliferation \[[@pgen.1005144.ref046]\], its down-regulation in the presence of ABL/BCR together with activation of Gadd45α may contribute to the enhanced transformation potential of BCR/ABL. To which extent the Gadd45α activation is involved in the pathogenesis of Ph+ ALL remains to be disclosed. On the other hand Gadd45α does not exhibit growth suppressing functions, as suggested by our findings that Gadd45α is able to increase proliferation of murine HSPCs. This is in accordance to findings showing that up-regulation of GADD45 does not only protect hematopoietic progenitors from UV-induced apoptosis by the activation of p38-NFκB signaling \[[@pgen.1005144.ref047],[@pgen.1005144.ref048]\], but it represents together with an activation of ERK-1 a negative prognostic factor in malignant lymphoproliferative diseases \[[@pgen.1005144.ref049]\]. Our data indicate that Ph^+^ ALL may be one of the malignant diseases in which Gadd45α exhibits a pro-oncogenic function \[[@pgen.1005144.ref050]\].

The functional interplay between BCR/ABL and ABL/BCR may promote the disease in the absence of BCR/ABL inhibition, whereas the functional independence of ABL/BCR as a self-standing leukemogenic factor may contribute to the maintenance of the disease upon an efficient BCR/ABL inhibition and thus to the only transient response of Ph^+^ ALL patients to the TKI treatment. The functional independence of ABL/BCR is given not only by the increased serial replating efficiency and CFU-S12, as compared to BCR/ABL and controls, but also by its capacity to induce a leukemic phenotype in syngenic mice \[[@pgen.1005144.ref013]\]. One could hypothesize that there may exist a functional hierarchy with BCR/ABL active in committed progenitors and ABL/BCR active at an earlier stage of differentiation, which contributes to the maintenance of the leukemia even upon an efficient BCR/ABL inhibition and the following selection of subclones with BCR/ABL harboring resistance mutations.

A functional hierarchy between the t(9;22) fusion proteins could play an important role for the fate decision of leukemia. From the Sca1^+^ compartment BCR/ABL is able to induce nearly exclusively myeloproliferative disease, which is characterized by a rapid onset of the disease, accumulation of mature myeloid linage cells in the spleen and BM and splenomegaly. However an ALL-like phenotype appeared when we co-expressed both p96^*ABL/BCR*^ and p185^*BCR/ABL*^ even with a lower incidence and a much longer latency as compared to BCR/ABL alone. The shift from myeloid to lymphatic phenotype may be due to the increased BCR/ABL kinase activity in the presence of p96^*ABL/BCR*^ as it has been already shown by Jones and co-worker for the development of myeloid or lymphatic BC in patients with CML \[[@pgen.1005144.ref010]\]. The fact that not all of these mice develop the disease can be attributed most likely to the fact that the target cells for leukemic transformation followed by an acute leukemia phenotype by p96^*ABL/BCR*^ and p185^*BCR/ABL*^ are rarer, as compared to that targeted by BCR/ABL for induction of myeloproliferation. In addition, a different grade of proliferative advantage between the two scenarios may account for the differences in latency.

Taken together, our study provide clear evidence of a functional interplay between BCR/ABL and ABL/BCR in the pathogenesis of Ph^+^ ALL, which suggest an additional target to be hidden by molecular therapy approaches in order to achieve an efficient treatment of this high risk subgroup of ALL.

Materials and Methods {#sec012}
=====================

Plasmids {#sec013}
--------

The cDNAs encoding p185^*BCR/ABL*^ PML/RARα and p96^*ABL/BCR*^ were described previously \[[@pgen.1005144.ref017],[@pgen.1005144.ref051],[@pgen.1005144.ref052]\]. For the simultaneous expression of genes, p2a peptide-linked multi-cistronic retroviral vector was used, which allows the expression of multiple proteins from a single open reading frame (ORF)\[[@pgen.1005144.ref053]\]. The p2a sequence was kindly provided by Frank Schnütgen (University Clinic, Frankfurt, Germany). In order to construct pEp96^*ABL/BCR*^-p2a-p185^*BCR/ABL*^ the p2a fragment was amplified by PCR using Pr1, 5′- gcg gcc gcg agc cac gaa ctt ctc-3′and Pr2, 5′- ggt cag taa att gga tat cgg ccc-3′ and transferred via TA cloning into the pCR2.1 vector (Invitrogen, Karlsruhe, Germany) and controlled by Sanger sequencing. Then it was transferred by EcoRV/NotI into EcoRV/NotI digested pEp96^*ABL/BCR*^. As next step for a continuous ORF, stop codon of the p96^*ABL/BCR*^ sequence was deleted using the "quick change site-directed mutagenesis" kit (Stratagene, La Jolla, CA, USA) using Pr3, 5′-ttc tcc acc gaa gtc aag aat tcg cgg ccg-3′ and Pr4, 5′-cgg ccg cga att ctt gac ttc ggt gga gaa-3′. FseI and SacII sites were introduced in p96^*ABL/BCR*^-p2a fragment at the 5\' and 3\', respectively, by PCR using the following primers: Pr5, 5′-acc cgc gga tgt tgg aga tct gc-3′ and Pr6, 5′-ggc cgg cct tcg gcc cgg ggt ttt-3′. The resulting construct was then subcloned into the FseI/SacII-digested pEp185^*BCR/ABL*^. All PCR-products were controlled by Sanger sequencing. Thus the final construct was available in the Gateway^®^ entry-vector (pENTR1A) for recombination into destination Gateway^®^ vectors according to the manufacturer\'s instructions (Invitrogen). All retroviral expression vectors used in this study were based on PINCO as previously described \[[@pgen.1005144.ref054]\]. Lentiviral vectors expressing short hairpins against human ABL/BCR and non-targeting control lentiviral vectors were based on the PLKO-1 vector (Sigma, Steinheim, Germany). The shRNAs were designed as siR961: ccg gca gat cca gat acc taa gct cga gct tat tag gta tct gga tct gtt ttt tg, and siR962: ccg gca aga gtt aca cgt tcc tga tct cga gat cag gaa cgt gta act ctt gtt ttt.

Cell lines, inhibitors {#sec014}
----------------------

Ecotropic Phoenix, 293T packaging cells, and Rat-1 fibroblasts were cultured in Dulbecco's modified Eagle medium (DMEM; sigma) supplemented with 10% FCS (Invitrogen, Karlsruhe, Germany). K562 and SupB15 cells were kept in RPMI 1640 containing 10% or 15% FCS, respectively. Ba/F3 cells were grown in RPMI + 10% FCS supplemented with 10ng/mL mIL-3 (Cell Concepts, Umkirch, Germany). Ph^+^ ALL patient-derived long-term cultures (PD-LTCs)(PH, BV, VG and HP) were maintained in a serum-free medium as described previously \[[@pgen.1005144.ref024],[@pgen.1005144.ref055]\]. Imatinib (kindly provided by Novartis, Basel, Switzerland) and GNF-2 (Sigma) were dissolved in DMSO for a stock solution and diluted to the appropriate concentrations.

Isolation of Sca1^+^ and Sca1^+^/lin^-^ HSCs {#sec015}
--------------------------------------------

All animal studies were performed in accordance with international animal protection guidelines and approved by the Regierungspräsidium Darmstadt (approval number F39/08). Sca1^+^ and Sca1^+^/lin^-^ HSCs were isolated from 8 to 12 week-old female C57BL/6J mice (Janvier, St. Berthevin, France) as described. The cells were ''lineage depleted" by labeling the cells with biotin-conjugated lineage panel antibodies against B220, CD3e, Gr1, Mac1 and Ter-119 (Miltenyi, Bergisch-Gladbach, Germany). Labeled cells were removed using ''MACS" cell separation columns according to the manufacturer\'s instructions. Sca1^+^ cells were purified by immunomagnetic beads using the ''MACS" cell separation columns according to the manufacturer's instructions (Miltenyi). Prior to further use, the purified cells were pre-stimulated in medium containing mIL-3 (20 ng/mL), mIL-6 (20 ng/mL) and mSCF (100 ng/mL)(Cell Concepts).

Enrichment of CD34^+^/CD38^-^ cells {#sec016}
-----------------------------------

The source of CD34^+^/CD38^-^ was residual peripheral blood (PB) of healthy donors stimulated with G-CSF for the mobilization for stem cell transplantation kindly provided by Halvard Bönig (German Red Cross Blood Donor Centre, Institute of Transfusion Medicine and Immunohematology, Goethe University, Frankfurt, Germany) after informed consent. CD34^+^ cells were isolated using the CD34-Multisort Kit (Miltenyi) followed by the CD38 depletion by labeling the cells with FITC-conjugated anti CD38 antibody which allowed the immunomagnetic isolation by a MACS separation column according to the manufacturer\'s instructions (Miltenyi).

Retro- and lentiviral infection {#sec017}
-------------------------------

Retro- and lentiviral supernatant using ecotropic Phoenix and 293T packaging cell lines were obtained as described \[[@pgen.1005144.ref056]\]. 24-well plates were first coated with retronectin (Takara Bio Inc., Otsu, Japan) followed by the retro- or lentiviral supernatant. Then target cells (10^5^ cells/mL) were plated and incubated overnight by 37°C. Subsequently another two rounds of infection were performed by adding viral supernatant and centrifuged at 2.200 rpm for 45 minutes by 32°C. Infection efficiency was measured after 48h by determining the percentage of GFP-positive cells by fluorescence-activated cell sorting (FACS). Differences in the infection efficiency between samples did not exceed 10%.

Cell growth, proliferation and apoptosis {#sec018}
----------------------------------------

Proliferation was assessed by using XTT proliferation kit (Roche, Mannheim, Germany), according to the manufacturer's instructions. Cell growth was assessed by dye exclusion using Trypan-blue according to widely used protocols. Apoptosis was measured by the 7-amino-actinomycin D (7-AAD) method as described before \[[@pgen.1005144.ref052],[@pgen.1005144.ref057]\].

Transformation assay {#sec019}
--------------------

After retroviral transduction 5 x 10^3^ transduced Rat-1 cells were suspended in 'top-agar', DMEM supplemented with 10% FCS and 0.25% bacto-agar (DIFCO Laboratories, Detroit, USA), and stacked in six-well plates filled with DMEM supplemented with 10% FCS and 0.5% bacto-agar (2 ml per well). After 15 days incubation at 37°C and 5% CO~2~ colonies were counted. The focus-formation assays were performed in 24-well plates. 4 x 10^4^ transduced Rat-1 cells/well were plated. Unstained foci were photographed at day 15 using an AxioCam HRc system (Zeiss, Goettingen, Germany) with 10x magnification.

Immunoblotting {#sec020}
--------------

Immunoblot analyses were performed according to widely established protocols using the following antibodies: anti-ABL (α-ABL), anti-BCR (α-BCR) (St. Cruz Biotechnology, Santa Cruz, USA), anti- phosphorylated ABL (α-p-ABL-Y245), anti-CRKL (α-CRKL), and anti-phosphorylated CRKL (α-p CRKL-Y207), anti-STAT5 (α-STAT5), and anti-phosphorylated STAT5 (α-p STAT5-Y694), anti-ERK (α-ERK), and anti-phosphorylated ERK (α-p ERK-T202-Y204) and anti-phosphorylated BCR (α-p BCR-Y177) (Cell Signaling, Boston, USA), and anti-Tubulin (α-Tubulin)(Neo Markers, Asbach, Germany). Membrane blocking and antibody incubation were performed in 5% low-fat dry milk, followed by washing in Tris-buffered saline (TBS) (10 mM Tris-HCl pH 8, 150 mM NaCl) containing 0.1% Tween20 (TBS-T). The membrane was then incubated with the secondary horse-radish-peroxidase-conjugated antibody. After extensive washing with TBS-T Signal was detected by chemiluminescence using the ECL detection system (Thermo Scientific, Schwerte, Germany). Blots were "stripped" using Restore Western blot Stripping Buffer Pierce (Perbio Science, Bonn, Germany). The quantification of the protein bands was performed with Image Studio 4.0 Imaging Software (LI-COR Biosciences, Lincoln, NB, USA).

Colony forming unit (CFU) assays and serial replating {#sec021}
-----------------------------------------------------

At day 2 post-infection, Sca1^+^/lin^-^ cells were plated at 5 x 10^3^ cells/mL in methyl-cellulose supplemented with mIL-3 (20 ng/mL), mIL-6 (20 ng/mL) and mSCF (100 ng/mL)(Stem-Cell Technologies, Vancouver, Canada). On day 10 after plating, the number of colony forming units (CFUs) was determined. After washing out from the methyl-cellulose, the cells were stained with specific antibodies for the detection of surface marker expression by FACS. 5 x 10^3^ cells/ml were replated in methyl-cellulose, thus permitting determination of the serial replating potential.

Day 12 spleen colony-forming unit (CFU-S12) assay {#sec022}
-------------------------------------------------

Sca1^+^/lin^-^ cells were retrovirally transduced and plated in 24 well in the presence of mIL-3, mIL-6 and mSCF. After 9 days of culture 1 x 10^4^ infected cells were inoculated intravenously into lethally (11Gy) irradiated recipient mice. At day 12 spleens of 3/6 mice/group were fixed in Tellesnizky's fixative for counting the colonies and 3 were used for RNA isolation and subsequent gene expression and RT-PCR analysis.

Syngeneic transduction/transplantation model of leukemia, flow cytometry {#sec023}
------------------------------------------------------------------------

Female C57BL/6J mice 8--12 weeks of age (Janvier) were used as recipients and donors. 1x10^5^ transduced Sca1^+^ cells were inoculated into sub-lethally irradiated (4.5 Gy) recipient mice via tail vein injection. The mice were sacrificed at the first appearance of morbidity (weight loss \>10%, neurological abnormalities, failure to thrive or diarrhea). Statistical relevance was determined by the Log-rank test. Cytospins of whole bone marrow and spleen cells were stained with May-Grünwald-Giemsa stain. For secondary transplantation the frozen spleen cells from the primary leukemic mice were thawed and 10^4^ cells/mouse were inoculated into sublethally (4.5Gy) irradiated recipients. For surface marker analysis freshly thawed cells (5x10^5^/sample) were stained with B220 (V450), CD19 (PE), Gr1 (PerCP-Cy5.5) and Mac1 (APC) according to manufacturer\'s instructions (Beckton Dickinson Biosciences, Heidelberg, Germany). Analysis were performed on a FACS Canto II (Beckton Dickinson).

Gene expression array {#sec024}
---------------------

RNA was isolated from CFU-S12 spleens using RNeasy kit according to the manufactures protocol (Qiagen, Düsseldorf, Germany). The cDNA synthesis was performed using standardized protocols (Applause WT-Amp Plus ST Systems and Encore Biotin Module, NuGEN (Bemmel, Niederlands). Microarray hybridization to GeneChip MoGene 1.0-ST-V1 (Affymetrix, Santa Clara, CA, USA), washing steps and scanning of the microarray were performed according to Affymetrix protocol. Heatmaps were done with the Spotfire software (Spotfire Decision Site 9.1.2, TIBCO Spotfire, Boston, MA, USA). The statistical analysis was done with the statistical computing environment R version 2.12 \[[@pgen.1005144.ref058]\]. Additional software packages were taken from the Bioconductor project \[[@pgen.1005144.ref059]\].

Real time PCR {#sec025}
-------------

Total RNA and first strand cDNA were obtained from CFU-S12 spleens as described above. The TaqMan PCR was conducted in triplicates in total of two times following standard protocols using the ABI PRISM 7700 (Applied Biosystems, Darmstadt, Germany). For the quantification of Tp53, Gadd45α, and Cdkn1a mRNA, gene expression quantification using ''Assay-on-demand" was performed according to the manufacturer\'s instructions (Applied Biosystems, Foster City, CA, USA). For the detection of ABL/BCR-transcripts on PH and BV cells the following primers probes were used: AB-a-fw: 5\'-cct cgt cct cca gct gtt a-3\'; AB-a rev: 5\'-gcc gta tcc agg tgg tgt-3\'; AB-a probe: 5\'Fam---tcc gaa cga gcc atc ttc cag a---3\'Tamra; AB-b-fw: 5\'-gaa tca tcg agg cat ggg-3\'; AB-b-rev; 5\'-ccg tat cca ggt gtt c-3\'; AB-b probe 5\'Fam---cga acg agc cat gtt cca ca-3\'Tamra. Normalization to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was done for each sample. Ct values were exported into a Microsoft Excel worksheet for calculation of fold changes according to the comparative Ct method. The amount of target, normalized to endogenous Gapdh is given by 2^-ΔΔCt^ \[[@pgen.1005144.ref060]\].

Statistical analysis {#sec026}
--------------------

All statistical analyses were performed using Student's-*t*-test and p ≤ 0.05 was considered as significant. All experiments were performed at least 3 times and the results were taken only if the replicates of independent experiments indicated the same results. GraphPad Prism 5.0 was used to provide the statistical calculations.

Ethics statement {#sec027}
----------------

All animal studies were performed in accordance with international animal protection guidelines and approved by the Regierungspräsidium Darmstadt (approval number F39/08). Human cells were used in agreement with the Declaration of Helsinki with the approval of the local ethic committee (approval number 329--10).

Supporting Information {#sec028}
======================

###### Targeting p96^*ABL/BCR*^ in Ph^+^ ALL cells.

\(A\) SupB15 cells were lentivirally transduced with shRNAs (siR961 and siR962 and siNTC as control) against p96^*ABL/BCR*^. The effect on the expression of ABL/BCR and BCR/ABL, respectively, was revealed by using the indicated antibodies; anti-tubulin staining was used for loading control. (B) Induction of apoptosis. BV and PH cells were lentivirally transduced with shRNAs (siR961 and siR962 and siNTC as control) against p96^*ABL/BCR*^ and apoptosis rate was measured using 7-AAD by FACS. One representative out of three experiments each performed in triplicates with similar results is given ± SD.

(PDF)

###### 

Click here for additional data file.

###### Effect of the t(9;22) fusion proteins on the biology of murine fetal liver HSCs.

The expression of the transgenes used in this experiment was detected by FACS for the expression of GFP. The wild-type (WT) cells were taken as negative control for GFP expression.

(PDF)

###### 

Click here for additional data file.

###### Schematic representation of genes related to cell cycle regulation.

The cell cycle regulation genes and their interaction upon expression of the transgenes is visualized in this picture. The colored (green and red) genes are differentially regulated between p185^*BCR/ABL*^ versus p96+p185 groups. The green colored genes are down-regulated (fold changes \< -1) in p185^*BCR/ABL*^-containing spleens in comparison to spleens positive for both p96^*ABL/BCR*^ and p185^*BCR/ABL*^. The red colored genes are up-regulated (fold changes \> +2) in p185^*BCR/ABL*^ in comparison to p96+p185 group.

(PDF)

###### 

Click here for additional data file.

###### Schematic representation of genes related to apoptosis.

The genes related to apoptosis signaling and their interaction upon expression of the transgenes is visualized in this picture. The colored (green and red) genes are differentially regulated between p185^*BCR/ABL*^ versus p96+p185 groups. The green colored genes are down-regulated (fold changes \< -1) in p185^*BCR/ABL*^-containing spleens in comparison to spleens positive for both p96^*ABL/BCR*^ and p185^*BCR/ABL*^. The red colored genes are up-regulated (fold changes \> +2) in p185^*BCR/ABL*^ in comparison to p96+p185 group.

(PDF)

###### 

Click here for additional data file.

###### Schematic representation of genes related to p53 pathway.

The genes related to p53 pathway and their interaction upon expression of the transgenes is visualized in this picture. The colored (green and red) genes are differentially regulated between p185^*BCR/ABL*^ versus p96+p185 groups. The green colored genes are down-regulated (fold changes \< -1) in p185^*BCR/ABL*^-containing spleens in comparison to the spleen which contained both p96^*ABL/BCR*^ and p185^*BCR/ABL*^. The red colored genes are up-regulated (fold changes \> +2) in p185^*BCR/ABL*^ in comparison to p96+p185 group.

(PDF)

###### 

Click here for additional data file.

###### Schematic representation of genes related to PI3K/AKT pathway.

The genes related to PI3K/AKT pathway and their interaction upon expression of the transgenes is visualized in this picture. The colored (green and red) genes are differentially regulated between p185^*BCR/ABL*^ versus p96+p185 group. The green colored genes are down-regulated (fold changes \< -1) in p185^*BCR/ABL*^- containing spleens in comparison to the spleens which contained both p96^*ABL/BCR*^ and p185^*BCR/ABL*^. The red colored genes are up-regulated (fold changes \> +2) in p185^*BCR/ABL*^ in comparison to p96+p185 group.

(PDF)

###### 

Click here for additional data file.

###### Schematic representation of genes related to MAP-kinase pathway.

The genes related to MAP-kinase signaling and their interaction upon expression of the transgenes is visualized in this picture. The colored (green and red) genes are differentially regulated between p185^*BCR/ABL*^ versus p96+p185 groups. The green colored genes are down-regulated (fold changes \< -1) in p185^*BCR/ABL*^-containing spleens in comparison to the spleens positive for both p96^*ABL/BCR*^ and p185^*BCR/ABL*^. The red colored genes are up-regulated (fold changes \> +2) in p185^*BCR/ABL*^ in comparison to p96+p185 group.

(PDF)
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Click here for additional data file.

###### Schematic representation of genes related to JAK-STAT signaling pathway.

The genes related to JAK-STAT signaling and their interaction upon expression of the transgenes is visualized in this picture. The colored (green and red) genes are differentially regulated between p185^*BCR/ABL*^ versus p96+p185 groups. The green colored genes are down-regulated (fold changes \< -1) in p185^*BCR/ABL*^-containing spleens in comparison to the spleens positive for both p96^*ABL/BCR*^ and p185^*BCR/ABL*^. The red colored genes are up-regulated (fold changes \> +2) in p185^*BCR/ABL*^ in comparison to p96+p185 group.

(PDF)

###### 

Click here for additional data file.

###### Confocal laser scan analysis of γH2AX staining in spleens of p185^*BCR/ABL*^- and p96^ABL/BCR-^p185^BCR/ABL^-positive leukemia.

Green fluorochrome---γH2AX; phaco---phase contrast. Control---empty vector transduced control spleen. p185---p185^*BCR/ABL*^- positive leukemia; p185+p96---p96^ABL/BCR-^p185^BCR/ABL^-positive leukemia.

(PDF)
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Click here for additional data file.

###### Effect of Gadd45α on Sca1^+^/lin^-^ HSCPs.

Sca1^+^/lin^-^ cells were immunomagnetically isolated from murine BM and the cells were transduced with empty virus or with Gadd45α plated either in liquid culture or in semi-solid medium supplemented with growth factors for determination of the proliferation and serial replating potential, respectively. Proliferation was assessed by XTT at day 5 after plating. Colony numbers were counted on day 10, cells were harvested and serially replated. Each time cells were counted for the determination of cell growth (I-IV-plating rounds).

(PDF)
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Click here for additional data file.

###### Supplementary information about the microarray pre-processing, supplementary Materials and Methods, and supplementary references.

(DOCX)

###### 

Click here for additional data file.
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